Abstract
Introduction
Cerebrovascular atherosclerosis leads to chronic cerebrovascular insufficiency, progressive cerebral ischemia, which in turn cause progression of mental, cognitive, motor impairment and ultimately lead to stroke, disability and death [1] - [3] . Annual stroke mortality in the US is about 800,000 [4] . The brain is the most highly perfused organ; it is the first in the body to be blood supplied, and therefore its tissues are very sensitive to blood supply decrease [5] . Despite the fact that brain angioarchitectonics is varied and complex, it has been believed for a long time that atherosclerotic lesion of major extra-and intra-cranial branches leads to ischemic disorders [6] [7] . The importance of major branches is definitely high-but they perform the transport function. Slowly progressing occlusions of two or even three extracranial vessels turn on compensatory abilities-often progress without obvious symptoms and do not lead to fatal outcomes [2] . Under normal conditions, intracranial arterial and capillary bed is particularly important in the blood circulation and metabolism of cerebral tissue [2] [6] . A healthy human brain has 3 -4 thousand capillaries in one cubic centimeter of brain tissue [5] . Ischemic processes stimulate angiogenesis and reorganization of cerebral circulation; the collateral bed, which makes blood supply to ischemic areas possible, becomes of great importance, while collateral branches have a capillary network of their own [2] [8] . With cerebral ischemia, the quickness of angiogenesis and the time when the collateral bed begins to function are very important [9] .
Most often, the progression of cerebrovascular atherosclerosis is sufficiently slow; it is usually wide-spread affecting many minor arterial branches [2] . The process causes long chronic ischemia resulting in slowly progressing neurodegenerative disorders accompanied by atrophic tissue changes and growing mental and cognitive impairment [2] [8] [9] . This process is often accompanied by multiple scattered lacunar micro-strokes that progress unnoticeably enough, without marked ischemic attacks. During CT and MRI, these micro-strokes are not always detected due to their small size that is close to the resolution capabilities of the apparatus used.
Conservative treatment of such disorders can be effective only at the early stages of the disease, when stenotic lesions are not pronounced and widespread. With aggravating atherosclerotic lesions, patients require reconstructive or transcatheter surgery [10] .
There has recently been appearing an increasing number of works dedicated to successful application of transcranial laser radiation in the treatment of the effects of the ischemic stroke [11] [12] , cranial trauma and dementia [13] - [15] . The authors underline the good neuroprotective effect of the treatment contributing to successful neurorehabilitation, but it should as well be noted that the treatment is also effective at mild, early disease stages.
Reconstructive vascular surgery has worked well on extracranial vessels [16] [17] . Intracranial lesions make conducting such interventions rather difficult due to the anatomical features and the small diameter of the vessels. Reconstructive surgery aimed at creating extra-intracranial arterial anastomosis is not always effective, and there have recently been arguments concerning the feasibility of these interventions [18] .
Interventional methods, such as balloon angioplasty and stenting of different types, have worked well on extracranial pabrachiocephalic branches [17] [19] . These interventions are often performed on intracranial arteries in acute conditions and are limited only by the proximal parts of the vascular bed [20] - [22] . Conducting interventions in the distal parts of a small diameter is of certain complexity.
Cerebral ischemia is definitely a multivalent concept; an important role is played in its progression by hypertension, hyperlipidemia, diabetes, disorders of systemic hemodynamics, microembolia caused by cardiac arrhythmias [23] [24] , but in any situation they are rather secondary to the severe atherosclerotic lesion.
In the current situation, there remains a need to develop new integrated transcatheter treatments. The present research investigates the possibility of restoring cerebral perfusion in patients with atherosclerosis of the brain, both uncomplicated and complicated by micro-strokes, by means of transcatheter laser revascularization. The research also explores the possibility of reducing mental disorders and reconstructing intellectual and motor functions in these patients in the early and late postoperative period.
Materials and Methods

Subject of Research
All the studies and all transcatheter interventions have been carried out with the approval of the Ethics Committee, as well as with the consent of the examined and treated patients and their relatives.
We examined 1238 patients aged from 29 to 81 (average age 74) suffering from various types of atherosclerotic lesions of cerebral vessels, of whom 916 were male (73.99%) and 322-female (26.01%) patients.
The examination plan included laboratory diagnostics, assessment of the severity of dementia (CDR), assessment of cognitive impairment (MMSE), evaluation of the activities of daily living (IB), cerebral computed tomography (CT), cerebral magnetic resonance imaging (MRI), cerebral scintigraphy (SG), rheoencephalography (REG), cerebral multi-gated angiography (MUGA).
Examination of Patients
Laboratory examination was performed according to the schemes generally accepted in iterventional neuroangiology and included clinical, biochemical and coagulologic tests.
CT and MRI of the brain were performed on "Somatom" (Siemens), "Hi Speed" (GE), "Tomoscan" (Philips), "Apetro Eterna" (Hitachi) following the classical method. Primary examination was conducted at the patient's admission and then at intervals of 6 -12 months.
SG of the brain, with the determination of cerebral blood flow velocity, was carried out on a gamma camera (Ohio Nuclear, US) following the classical method in dynamic and static mode with TC 99M pertechnetat 555. Primary examination was conducted at the patient's admission and then at intervals of 6 -12 months.
REG was conducted by means of "Reospektr-8" (Neurosoft, Russia) in accordance with the standard automated method with the identification of pulse blood flow in the cerebral hemispheres. Primary examination was conducted at the patient's admission, secondary-before the patient's discharge and then at intervals of 6 -12 months.
MUGA of the brain was performed on apparatus "Advantx" (GE) following the classical method of transfemoral access. Synchronously, taking into account the start and rate of administration, 10 -12 ml of Omnipack 350 was introduced intra-carotidally and 7 -8 ml intra-vertebrally. The registration was carried out in direct and side projections in constant subtraction mode at a speed of 25 frames per second. Further on, frame by frame analysis of the angiograms received in each phase contrast was conducted [25] . Capillary density contrast analysis was performed at the corresponding phase by means of an automatic method using computer program "Angio Vision" based on the determination of the degree of blackening of the corresponding part of the image [26] .
Determination of the severity of dementia was made according to J.C. Morris's Clinical Dementia Rating scale (CDR) [27] . Primary examination was conducted either at the patient's first visit or on the admission day, secondary-before the patient's discharge and then at intervals of 6 -12 months. Assessment of cognitive impairment was conducted by means of Mini-Mental State Examination (MMSE) [28] . Primary examination was conducted either at the patient's first visit or on the admission day, secondarybefore the patient's discharge and then at intervals of 6 -12 months.
Evaluation of the activities of daily living was carried out with Index Bartels Functional Evaluation: the Barthel Index (IB) [29] . Primary examination was conducted at the patient's admission, secondary-before the patient's discharge and then at intervals of 6 -12 months.
Selection of Patients
Criteria for selection of patients for this research: 1) consent of the patient and her/his relatives to conduct the examination and treatment; 2) somatic condition of patients that allowed to carry out the examination and treatment; 3) signs of chronic cerebrovascular insufficiency; 4) predominant atherosclerotic lesions of intracranial arterial branches.
For the present research, we selected 946 (76.41%) patients aged from 29 to 81 (average age 74): 701 (74.10%) male and 245 (25.90%) female patients.
Transcatheter treatment was undergone by 568 (60.04%) patients aged from 29 to 80 (average age 74), of whom 408 (71.83%) were male and 160 (28.17%)-female patients-Test Group.
Conservative treatment was undergone by 378 (39.96%) patients aged from 33 to 81 (average age 75), of whom 259 (68.52%) were male and 119 (31.48%)-female patients-Control Group. This group consisted of patients for whom transcatheter treatment was unnecessary, or they and their relatives were not willing to undergo it.
Analysis of Patients
The examination revealed the following disorders in patients selected:  high blood lipids level was detected in 764 (80.76%) cases;  hypercoagulation was detected in 735 (77.70%) cases;  calcium deposits on the walls of cerebral blood vessels were detected in 775 (81.92%) cases;  general involutive changes of the cerebral cortex accompanied by subarachnoid space extension were detected in 758 (80.13%) cases;  expansion of Sylvian fissure was found in 612 (64.69%) cases;  reduction of the clearness of gray and white matter borders was found in 462 (48.83%) cases;  signs of unocclusive hydrocephalus were detected in 412 (43.55%) cases;  signs of leucoaraiosis were detected in 161 (17.02%) cases;  micro-focal (up to 2 cm) postischemic brain cysts were detected in 132 (13.95%) cases;  single and multiple microcysts (up to 2 -5 mm) were detected in 116 (12.26%) cases;  absence of postischemic cysts against the background of atherosclerotic lesions was detected in 698 (73.78%) cases (one cannot exclude the possibility of these patients having very small cysts-smaller than the resolution of the equipment used);  reduced blood flow in the cerebral hemispheres was observed in all 946 (100%) cases;  reduced pulsed volume blood flow in the carotid and vertebrobasilar systems was detected in all 946 (100%) cases;  multiple atherosclerotic stenotic or occlusive lesions in the basin of the front, middle or posterior cerebral arteries were detected in all 946 (100%) cases. Of these, two-sided lesion was detected in 912 (96.41%) cases;  signs of dementia equal to CDR-1 were detected in 264 (27.91%) cases;  signs of cognitive impairment (MMSE score below 28 points) were detected in 242 (25.58%) cases;  signs of reduction of the activities of daily living (IB below 100 points) were detected in 39 (4.12%) cases.
In the long term (2 -10 years), 482 (50.95%) patients aged from 35 to 85 (mean age 76 years) were re-examined. Of these, Test Group patients comprised 286 (59.34%), Control Group patients-196 (40.66%).
CDR, MMSE, IB evaluation, as well as cerebral CT, MRI, SG and REG were performed in all cases, cerebral MUGA or MRA were performed in 72 (25.17%) Test Group patients and in 34 (20.12%) Control Group patients.
Test Group. Given the specificity of cerebral perfusion and cerebral angioarchitectonics, as well as the small diameter and tortuosity of the affected intracranial arterial branches, we applied the method of transluminal laser revascularization for the revascularization of the brain [25] [26] [30] . The method allows working on convoluted vessels of small diameter. Efficacy and safety of this method is proved in earlier experimental and clinical studies [2] [9] [30] - [34] .
The Method of Transcatheter Laser Revascularization of Cerebral Vessels
High-energy impulse laser systems were used to conduct the revascularization of the brain with major intracranial arteries lesions; low-energy continuous laser systems were used for the revascularization of the brain with distal intracranial branches lesions [9] [25] [26] [30] .
The essence of the method is the following: Under local anesthesia, according to Seldinger's classical method, the common femoral artery is punctured and catheterized with an installation of an introducer with a diameter of 6-9F. Through this introducer and through coaxially brought guiding catheters installed in the general and further on in the internal carotid or in the vertebral artery, is brought a flexible fiber-optic instrument with a diameter of 50 to 200 micrometers, coupled with the laser unit. The fiber-optic instrument is guided to the site of intracerebral arteries lesion, after which the laser treatment is carried out. The distal end of the fiber-optic instrument is constantly washed with heparinized saline solution. Given the specificity of laser exposure on atherosclerotic tissue and the vascular wall [25] [26], the use of distal protection is not required. To carry out X-ray control, small doses of radiopaque substance are periodically introduced. The exposure time depends on the nature of the atherosclerotic lesion, the type of the laser system used, and is in general from 30 seconds to 40 minutes. After the endovascular intervention the patient undergoes repeated cerebral multi-gated angiography following the procedure described above, the results of which determine the degree of revascularization and restoration of the cerebral vascular bed [2] [30] . We assume that if the cerebral blood flow has not been fully restored during the first attempt of the intervention, the manipulation can be repeated, but it was not necessary during the transcatheter interventions described.
Taking into consideration the MUGA data and the fact that atherosclerosis is a systemic disease and cerebral vascular lesions progress in various basins, not just in the particular part of the bed, transcatheter interventions were usually carried out from two sides, in order to improve the blood supply of the whole brain. It allows for not only direct revascularization, but it also gives an opportunity to improve blood flow through the collateral bed from contralateral vascular basin [9] .
The transcatheter treatment was followed by supportive therapy carried out by common interventional neuroangiology schemes and dosing. The patients underwent conventional desagrigant, anticoagulant, vasodilator and nootropic therapy including Aspirin, Heparin, indirect anticoagulants (depending on the blood coagulation indicators), Pentoxifylline 100 mg, Complamin 150 mg, Inosin 200 mg, Nootropil (Piracetam) 1200 mg (or Gliatilin 1000 mg) intravenously, with a drop counter, NO 10 -15, and then they took pills. Subsequent 1 -2 months courses of pills treatment were repeated twice a year.
Control Group. Control Group patients underwent a therapeutic treatment following similar schemes and doses of the drugs. In the aftermath, they also took 1 -2 months courses of infusion or pelleted drugs twice a year.
Results Evaluation
The results obtained were divided into the following groups:  good clinical outcome after the treatment was considered to be almost complete restoration of mental and motor functions and activities of daily living;  satisfactory clinical outcome was considered to be incomplete restoration of mental and motor functions and activities of daily living;  relatively satisfactory clinical outcome was considered to be a partial recovery of mental and motor functions and activities of daily living;  relatively positive clinical outcome was considered to be the absence of negative dynamics with a slight reduction of mental and motor functions and activities of daily living.
Results
Test Group
Immediate Results
A good immediate angiographic outcome manifested in the restoration of the lumen and patency of the vessels, as well as in collateral revascularization on the side with more pronounced atherosclerosis, was obtained in 546 (96.13%) cases. Besides, improved blood supply in the cerebral hemispheres by means of the collateral revascularization from contralateral vascular basins was obtained in 542 (95.42%) cases.
SG and REG Results
According to SG data, improved blood flow in the cerebral hemispheres, both on the more affected and on the contralateral side, was observed in all 568 (100%) cases, and the positive trend remained during the whole observation period. According to REG data, improved pulse-volume blood flow in the carotid and vertebrobasilar basins on the affected and contralateral sides was found in all 568 (100%) cases, and the positive trend remained during the whole observation period.
CT and MRI Data Results
From the first 6 months after the transcatheter treatment, the patients tended to have diminishing general involutive changes of the cerebral cortex accompanied by narrowing of subarachnoid space.
In the subsequent period of 12 -24 months:  general involutive changes in the cerebral cortex decreased in 494 (95.92%) of 515 cases;  reduction of Sylvian fissure narrowing was observed in 384 (94.58%) of 406 cases;  tendency to restore clearness of boundaries between gray and white matter of the brain was diagnosed in 204 (66.45%) of 307 cases;  reduction of signs of unocclusive hydrocephalus was detected in 178 (64.96%) of 274 cases;  signs of leucoaraiosis were detected in 99 (92.52%) of 107 cases;  signs of residual effects of micro-focal postischemic brain cysts were detected in 12 (13.64%) of 88 cases;  single or multiple microcysts were not identified in any case.
It should be noted that in a more distant period of time (2 -10 years) the positive trend was maintained, which might indicate signs of cerebral tissue recovery.
MUGA Results
Repeated cerebral MUGA or MRA were performed at intervals of 2 -10 years after the treatment in 72 (12.68%) patients:  preserved lumen and patency of the vessels, as well as inhensed collateral revascularization, were obtained in 69 (95.83%) cases;  preserved improved cerebral perfusion due to collateral revascularization from the contralateral basin was obtained in 67 (93.06%) cases.
Clinical Results
Clinical results evaluation was conducted at various times after the transcatheter interference. The restoration of mental and motor functions depended largely on the severity of the initial ischemic disorders and on the timing of transcatheter intervention after the symptoms onset. The initial positive dynamics was observed quite soon after the transcatheter treatment. In the first 2 -3 weeks after the conducted treatment, the patients' condition improved and mental and motor disorders decreased.
1) Short-Term Clinical Results
In 2 -6 months after the treatment:  good clinical outcome (almost full recovery of mental and motor functions) was obtained in 459 (80.81%) cases;  satisfactory clinical outcome (incomplete recovery of mental and motor functions) was obtained in 91 (16.02%) cases;  relatively satisfactory clinical outcome (partial recovery of mental and motor functions) was obtained in 18 (3.17%) cases;  relatively positive clinical outcome (no negative dynamics with a slight reduction of mental and motor functions) was not obtained in any case.
2) Long-Term Clinical Results
In the long-term period (2 -10 years), 286 (62.31%) patients were re-examined; the positive dynamics persisted in the vast majority of treated patients:  good clinical outcome was initially obtained in 459 patients, of whom 228 (49.67%) were re-examined; the result was preserved in 212 (92.98%) cases;  satisfactory clinical outcome was initially obtained in 91 patients, of whom 52 (57.14%) were re-examined; the result was preserved in 48 (92.31%) cases;  relatively satisfactory clinical outcome was initially obtained in 18 patients, of whom 6 (33.33%) were re-examined; the result was preserved in 5 (83.33%) cases.
3) Complications
During transcatheter interventions, there was no thrombosis or embolism in the distal arterial bed; and there was no negative effect. 2 patients developed a minor hematoma at the puncture site of the femoral artery not requiring any surgical treatment, but this is not considered a complication of the treatment conducted.
Statistical analysis is presented in Table 1 .
Treatment Examples
Patient H., 60 years old, female, suffered a small ischemic stroke in the right hemisphere resulting in partial left-sided hemiparesis; the patient notes decreased memory and vestibular disorders. In 2 months after the stroke, there are no signs of dementia, cognitive impairment level is equal to 26 MMSE points, the level of everyday life-to 90 IB points. CT of the brain revealed a moderate expansion of the subarachnoid space and a small hete- rogeneous post-ischemic cyst in the right hemisphere (Figure 1 ). SG and REG showed quite a marked reduction in blood flow and pulse volume with the predominance of the process to the right.
Cerebral MUGA revealed multiple occlusions of the distal branches of the right middle cerebral artery, multiple diffuse stenosis of intracranial branches (Figure 2) .
The patient underwent transcatheter laser revascularization first of the right and then of the left hemisphere. Postoperative cerebral MUGA revealed completely restored patency and lumen of the distal branches of the right middle cerebral artery and pronounced collateral revascularization on the two sides (Figure 3) .
Repeated SG and REG showed positive dynamics of blood flow and pulse volume in both hemispheres of the brain.
A month later, the patient demonstrated the restoration of motor functions, intellectual abilities and professional skills. MMSE-30 points, IB-100 points; the patient returned to her professional activity.
In 12 months, repeated CT of the brain revealed restoration of subarachnoid space, reduction in the size of the post-ischemic cyst with signs of cerebral tissue structure recovery (Figure 4) . 6 years after the transcatheter treatment, the patient does not have any complaints, there are no signs of dementia, no cognitive impairment, and she is actively engaged in intellectual activity, IB-100. CT of the brain revealed no signs of residual effects of the post-ischemic cyst; cerebral tissue structure of the right hemisphere is restored ( Figure 5) .
Cerebral MRA (Figure 6 ) showed: the patency and lumen of the distal branches of the right internal carotid artery are completely preserved; there is further progression of collateral revascularization.
Control Group
Immediate Results
Immediately after the course of conservative treatment, the patients had no negative dynamics, and there was certain positive dynamics manifested in diminishing mental and motor disorders.
SG and REG Results
SG and REG showed partial improvement of blood flow and pulse volume in the cerebral hemispheres in 253 (66.93%) patients. The improvement was not stable, and subsequent examination in 12 -36 months reported partial regression in 128 (50.60%) cases. 
CT and MRI Results
CT and MRI in the first 12 -36 months after the treatment showed no substantial reduction of the involutive changes in the brain tissue in any of 243 patients. In the longer-term period, 137 (56.38%) patients showed growing involutive changes. 
MUGA Results
Repeated cerebral MUGA or MRA were performed in 34 (9.00%) cases at intervals of 2 -10 years after the treatment started. There were no significant changes in the angioarchitectonics; 31 (91.18%) patients had further progression of the atherosclerotic process. CT of the brain showed signs of involutive changes: the expansion of the subarachnoid space, the expansion of convexital sulci, ventricular enlargement, increased "transparency" of the white matter of the periventricular regions, multiple small calcifications in the projection of anterior cerebral arteries, focuses of demyelization of the cortical regions of the frontal lobes (Figure 7) . SG and REG revealed quite pronounced decrease in the rate of cerebral blood flow and pulse volume. Cerebral MRA revealed multiple stenosis of intracranial branches (Figure 8) .
The patient underwent a course of conservative treatment. A decrease in vestibular disorders was clinically observed. SG and REG showed some positive changes in cerebral blood flow and pulse volume velocity. In the subsequent period of conservative treatment, courses were held twice a year.
In 3 years, some positive changes are clinically preserved, there are no clear signs of dementia, and the severity of cognitive impairment is preserved at 27 MMSE points, the level of everyday life-100 IB points. SG and REG showed preserved positive dynamics. CT demonstrated further growing of involutive changes (Figure 9) .
In another 3 years of conservative treatment courses, there were no signs of clinically positive dynamics, the level of dementia is equal to CDR-1, the severity of cognitive impairment equals 26 MMSE points, the level of everyday living-95 IB points. According to SG and REG, the positive trend will continue. CT noted further progression of cerebral involutive changes (Figure 10 ). 
Discussion
Atherosclerosis is a systemic disease in which vascular lesions of the brain progress in various arterial basins, both in the right and in the left hemispheres. The process may evolve at a different speed, but always on two sides. Decreased blood flow stimulates angiogenesis, which is manifested in natural opening of collateral bed aimed at additional bypass blood flow to ischemic areas of the brain [2] [5] [9] . Unfortunately, angiogenesis is normally slow and is not always effective enough to fully restore the blood supply.
The two-sided nature of the lesion should be considered when carrying out any intervention, both on the brachiocephalic vessels and on the vessels of the brain [9] . Unilateral intervention is not always appropriate. For this reason, relying on MUGA data, we almost always performed the intervention both on one and on the other sides of the brain during laser revascularization. Naturally, improved blood circulation of the more affected hemisphere contributes to its functional recovery. Improved blood circulation of a less atherosclerosis-affected contralateral hemisphere also helps to improve its functionality, and at the same time, due to stimulation of collateral circulation, improves blood flow to the other hemisphere [2] [9] [34] . Thus, the two-way blood circulation improvement leads to an overall functional recovery of the brain.
Target high-energy laser irradiation allows destroying atherosclerotic tissues and restoring the patency and lumen of atherosclerotic vessels without affecting the vascular wall [9] [33] [34] . Resultant decomposition products of atherosclerotic tissues are of a very small size, 2 -6 micrometers [32] [33]; they are naturally utilized, so they do not require any means of distal protection [34] .
The mechanism of low-energy laser exposure lies in the powerful stimulation of natural physiological angiogenesis [2] [34] [35] causing collateral and capillary revascularization of tissues [2] [36]- [38] . At the same time, the deeply penetrating laser energy stimulates the metabolic processes in neurons increasing their energy resource through effects on mitochondria and providing neuroprotection [34] . These data are supported by the work of many authors who conducted both experimental and clinical studies dedicated to extracranial laser exposure of the brain [11] - [13] [15] [39] [40] . The after-treatment gradual increase in the mass of brain tissue suggests regenerative processes developing in it [34] [39] [41] . These data are also indirectly confirmed by experimental and clinical studies that prove the possibility of regenerative processes in the brain tissue [42] .
Conservative therapies for atherosclerotic lesions of the brain fail to achieve pervasive and persistent cerebral revascularization. They only allow improving the blood supply to a certain extent. The resultant therapeutic effect is of short duration and is mainly associated with a partial improvement in metabolic processes, but this is often insufficient for the functional recovery of ischemic brain.
Conclusions
The method of transcatheter laser revascularization of cerebral vessels is a physiological, effective and low-in-vasive treatment for patients suffering from cerebral arteriosclerosis complicated by chronic cerebrovascular insufficiency. The method has virtually no alternatives; it can restore the patency and lumen of vessels of various diameter, while at the same time it stimulates natural angiogenesis, causes collateral and capillary revascularization both in the ischemic area and in the near tissues, promotes reparative processes in the brain tissue, which in turn promotes functional recovery of the brain.
The effect obtained after the treatment is maintained for a long time (up to 10 years or more); it causes regression of mental and motor disorders, promotes regression of dementia and can improve the patients' quality of life, which makes the proposed method significantly different from conservative treatment methods.
